(1) Most life tables for insect populations have been compiled from data recorded in laboratory or controlled field conditions. In this paper we develop a method applicable to natural populations which may be used to monitor variations over time in environmental conditions.
INTRODUCTION The construction and analysis of life tables for insect and other populations is a matter of continuing interest to ecologists (cf. Southwood 1966, Chapters 10 and 11).
The demographic characteristics of a species are often related to factors in the habitat; this type of approach is basic to applied ecology, the management of endangered species and the prediction of pest outbreaks. In this paper we present an analysis of the relationship between food and weather factors and the tendency of a tropical insect pest to migrate. We use a method of analysis which is free of some of the constraints of previously described methods, and may be widely applicable to the analysis of relatively long-lived, vagile insect populations.
No one analytical technique can be applicable in all cases. Each species presents its own unique problems for the field ecologist. The information on growth rate, survivorship and the reproduction necessary to construct a life table is not always easy to obtain. For example, in populations of the cotton stainer bug (Dysdercus bimaculatus Stil) it is very difficult to obtain direct and accurate information on natality of adult migrants away from a host plant. The variations in field conditions and data requirements suggest that, to some extent, methods will need to be custom-built to take advantage of available information. The problem facing the user of existing methods is that either the generations need to be separately identifiable or some very strong assumptions need to be imposed regarding rates of build up and/or survival. Yet a natural population may be one with different generations well mixed, perhaps because of the immigration of adults, while differential survival reflects changes in the quality of the habitat.
EXISTING METHODS
As Southwood (1966, page 277) notes, it is age-specific or 'horizontal' life tables which have most captured the interests of ecologists. Such tables are based upon the fate of an actual cohort or single generation and these methods are admirably suited to the study of populations in laboratory or experimental conditions. Various attempts have been made 522 Field estimates of insect colonization to develop methods for time-specific or vertical life tables, which are constructed from data on the age structure of the population taken at various points in time. Such timespecific methods are more appropriate for field data where separate generations cannot be identified. Clearly, time-specific methods are appropriate for human populations (provided that a system of registration is in operation for births and deaths), but additional inputs are necessary if the approach is to be applicable to ecological populations.
The first attacks on the problem were those of Richards & Waloff (1954 , 1960 . Their initial method required a rapid build up of the population and a well-defined peak in numbers. Thus, in essence, they required field data that approximates the single cohort conditions for age-specific life tables. Their second method allowed for an ill-defined peak and a prolonged build up. However, this generality was achieved only by requiring data both on initial numbers and on lifecycle (larval instar) durations. In both methods the mortality rates are assumed constant over time at each stage of the lifecycle. The approach of Dempster (1961) does not require data on initial numbers and lifecycle duration but he does need to know the rate of population build up and he imposes the requirement that the generations be distinct.
Kiritani & Nakasuji (1967) proposed a method which requires data to be recorded at regular intervals until the population disappears. Also, the survival rate must be constant over time and for all stages of the lifecycle. These assumptions considerably restrict the applicability of the method since changes in the micro-habitat may well affect survival and thus contribute to the demise of the population. However, when the micro-habitat is controlled and sudden incursions by predators or parasites precluded, the method has proved useful.
More recent research has concentrated upon variable entry into successive life stages. That is, we specify a distribution for entry into the next stage of the lifecycle as well as a daily (or unit time) survival rate. This approach was first developed by Read & Ashford (1968) , who applied it to the study of grasshopper populations. This study was extended in Ashford, Read & Vickers (1970) .
Various distributions have been used to describe the pattern of entry times. Read & Ashford (1968) suggested the exponential or the gamma (with index k = 2 or k = 3), while Manly (1974) considered the gamma, Weibull and normal (with the negative tail ignored). More recently, Kempton (1979) has developed a more general framework which allows a wider class of gamma distributions and more complex functions for the survival rate. Also, Birley (1977) extended Manly's approach to allow for the incidence of 'catastrophic events' such as crop spraying, provided that the timing of these events is known.
In general, these methods allow the field data to be collected at irregular intervals and allow for variable entry times into the population through the specification of an entry time distribution for the first stage of the life cycle. However, to allow for successive generations we would need a very complex form for the initial entry distribution which would depend upon the numbers of adults from earlier generations. The present approach avoids this difficulty by making restrictive assumptions about stage durations which, in return, enables us to examine successive generations and variations in survival rates over time.
THE FIELD PROBLEM
The study of the cotton stainer bug Dysdercus bimaculatus provides an illustration of the types of population development for which the previously described methods are not generally applicable. There are two basic problems. (1) Although most life stages of D. bimaculatus were identifiable and countable in the field, the initial life stages, eggs and hatchlings, could not be reliably located, and the number of adults leaving a host plant could not be directly counted. (2) The population development was not highly synchronized; the initial production of individuals at a new host plant occurred over a significantly long period relative to the length of a generation.
A host plant of D. bimaculatus produces a crop of fruits which mature fairly synchronously. Adult D. bimaculatus are attracted to the immature fruits; females lay eggs in the dirt beneath a host plant and developing nymphs feed on seeds which have fallen to the ground (Derr 1977) . Bugs go through five larval instar stages; these nymphs are wingless. In about 30 days they metamorphose to winged adults. At that point in their life history they may disperse to other trees, or they may stay and reproduce at the same site. A tree with seeds available for more than 4 weeks may support more than one generation of bugs.
For the purposes of this paper, we restrict ourselves to one major host plant of D, bimaculatus, the Sterculia tree (Sterculia apetala (Jacq.) Karst.). Sterculia apetala produces a crop of seeds which fall to the ground and are available to the bugs for about 15 weeks. A study of the development of D. bimaculatus at Sterculia trees was carried out in Panama and Costa Rica from 1974-76. In this paper we concentrate on the results from one tree which had a lengthy period of seed availability. The development of a bug population at 'L.S.' Sterculia was studied by weekly samples of bug activity in the area under the tree canopy where seeds were present. A sample consisted of 48 randomly located 15 cm x 15 cm quadrats, at which insects were identified to nymphal stage.
The hypothesis generated from laboratory and field information about these bugs (Derr 1977 ) is that in the presence of food the availability of water determined whether an adult would migrate or stay at its site of eclosion. Several factors limit the availability of water; the Sterculia trees produce seeds at the beginning of the dry season, so that throughout the period of seed availability the habitat is drying out. Sterculia trees occur in a number of environmental conditions, from moist rain forest to dry savannah, so that different trees have different environmental moisture regimes. There are differences in water availability at one tree through time and between trees at any one time. If water availability is important in determining the proportion of migrants in a population, then there should be a difference in the proportion of adult migrants through time at one tree and between trees at any one time in different environments.
To detect such changes in the population's structure, we need methods which allow us to estimate time-dependent migration rates. To develop such techniques we must impose certain conditions, so the assumptions made in this paper are as follows.
(i) The durations of successive stages of the lifecycle are known or, in practical terms, taken to vary only slightly about a known mean (this assumption will be relaxed to allow use of a known distribution of durations).
(ii) The survival rate from one stage to the next is not constant, but may change over time (the changes must not be too erratic if the method is to produce useful estimates).
(iii) Day-to-day survival within each stage is constant for that stage.
(iv) Data are collected at regular intervals. Implicitly, the method is developed for insect populations where the insect passes through a known number of larval instars; indeed, most of the methods described earlier were developed for insect studies. It is evident that the method could be used for any population where the lifecycle may be 'discretized' such as the yearly or 5-yearly steps 524 Field estimates of insect colonization common in actuarial work. Clearly the assumptions would need to be examined carefully for each particular application.
DESCRIPTION OF THE METHOD
We assume that the individual passes through a total of (k + 1) stages (including the adult stage) to maturity. Stage 0 is the 'egg' stage and k is the adult. Ideally, 'daily' counts would be used, but in reality it is only feasible to sample every w days (once per 'week') or with sampling frequencyf = 1/w. The terminology of 'days' and 'weeks' will be used without further comment, but should be interpreted as appropriate to the particular problem. Also, we sometimes refer to individuals in the jth stage of the lifecycle as jlh larval instars.
With these terms in mind we now define the inputs to the model. Data are recorded in successive weeks t = 1, . . ., Ton the last day of that week (for notational convenience), while jindexes the instar and s the day of the week so thatj = 1, . . ., k and s = 1,..., w.
The terms used are as follows: m 1(t-I + sf) is the number of larvae which enter the jth stage of the life cycle on day s of week t; M>(t) is the number of larvae which enter the jlh stage of the life cycle during week t and do not die within stage by the end of week t; N1(t) denotes the total number of larvae in the jth stage at the end of week t; L1 is the duration of the jth stage in days (fixed and assumed known); a1,1+l is the mean survival rate from the jth to (j + l)th stage (from the start of one stage to the start of the next); e60 is the mean survival rate per day within a given stage (assumed the same for all stages).
It should be noted that M>(t) is a rather artificial count, particularly when the duration of the jth stage is less than a week (Lj < w). However, it is a convenient quantity for use in the theoretical development of this section. The mean survival rate, a1,1+1, includes both within stage mortality and the mortality sustained by the population as it moves from one stage to the next. Thus, a1,1+l exceeds e-iLi (within stage mortality) and may do so substantially.
Given these assumptions, the standard equation which describes development from one stage to the next is M+i(t) = aj,+lm1(t -fL1),
(1) recalling that t is measured in weeks and Lj in days. For days other than the last day of the week we would replace the argument t in eqn (1) by t -1 + sf, s = 1, . . ., w -1. A major purpose of the present study is to consider variations in aJ,J +1 over time, but we take these rates to be time-invariant for the present, then relax this assumption later.
We should like to record mj(t -1 -sf) for s = 1, . . ., w and t = 1, . . ., T. However, the available data relate to N1(t), t= 1, . . ., T so we must devise a mapping from the {m1} onto the {N,}. The number of larvae who entered the stage during week t and did not die in that stage during the week is M>(t) = mj(t) + e-Omj(t -f) +... + eo(wlm (t -1 + f) (2) since t -(w -l)f = -1 + f; while the number counted at time t will be Nj(t) = mj(t) + e-Omj(t -f) + . . . + e -'" -m1(t + f-Lf).
(3) JANICE A. DERR AND KEiTH ORD 525
That is, eqn (3) includes all the arrivals over the last LI days, including 'today'. Clearly N,(t) will be greater than M,(t) if L, > w. When LI < w, the definition of M,(t) is rather strained, but we overcome this by using a weighted average of neighbouring values; see eqn (9). The equations given thus far are exact, but to make further progress an element of approximation is necessary. Initially suppose that L, is an exact number of weeks, or L, = wx1, then it follows from eqns (2) and (3) that   N,(t) = c(O)M,(t) + c,(1)M,(t -1) + . . . + c,(xj -l)M,(t + 1 -x,), (4)   where c1(i) = e6wf, i = 0, 1, . . ., x - When 0 is small, we note that C*(x,) -(rj/w) exp(-Owx,) and this simpler expression will suffice for most purposes. The element of approximation contained in eqn (5) will be small unless the {mj} are subject to strong cyclical effects and Lj is less than w. When both these effects occur, more frequent field surveys are the only answer.
We are now in a position to combine eqns (1), (2) and (5) to produce a model which involves only the observed counts. In order to do this, we use the backward shift operator, B. Notationally, all that is involved is to write N(t -1) as BN(t), N(t -2) as B2N(t) and so on, although we extend the notation somewhat to write N(t -sf) = Bs"N(t). 
Finally, combining eqns (6) and (7) 
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Field estimates of insect colonization Equation (8), in conjunction with eqn (9), involves only the weekly counts and may be used to estimate a1,1,1. Thus, if we let Nj7+ l(t) = g,(B)Nj + l(t) and N**(t) = gj + l(B)BX,N,(t -fri), the estimator for a1,1+1 at time t is a1,,+1(t) = N7+1(t)/Ni *(t).
We note that eqn (10) does not require any initial information on population size. If the (aj,1+1) vary over time as a,,1+1(t) we can estimate these coefficients using eqn (10) for all t from max(x1 + 1, x1+1 + 1) onwards. When the coefficients do vary over time, then estimators will refer to a weighted average of aj, + l(t -s), s = 0, 1, . . ., x1, but the estimated changes will reflect changes in the true rates provided that the aJ,J+ l(t) develop smoothly; that is, there should not be a lot of erratic jumps in the sequence. This element of smoothing to obtain the estimators is somewhat similar to smoothing spectra in time series analysis. For the application described in the next section and probably in many other situations, we would expect a,j + l(t) to settle down after early adult migration, remain stable for a while and then decline due to emigration and the depletion of food or other resources. In such circumstances, changes in aj,j+l(t) should be well reflected by the smoothed estimators given in eqn (10). 
Example. In the next section we find that the fourth larval instar has L4 = 5, while L5 = 11 (from laboratory trials). Observations were taken every
where gj is the polynomial in Bf defined in curly brackets. Then, by analogy with our earlier work, we define the estimator Given the element of smoothing inherent in our estimation procedure, it would appear that the estimators will be robust to moderate changes in the cQ(i) values; this assertion remains to be tested methodically.
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Field estimates of insect colonization APPLICATION OF THE METHOD In the previous section we have made no specific statement about the nature of the data to be used in applications of the method. For laboratory populations, it is possible to study a particular cohort from the egg stage through to maturity, but field trials must rely on sample counts. Large sample means and variances for the a1,1l estimates are evaluated theoretically in the Appendix; these results are then used to estimate variances at the end of this section.
Returning to problems of data collection, several points need to be made with regard to the particular study in hand on D. bimaculatus.
(1) It is not possible to count the numbers of migrants into the population, nor to distinguish immigrant from indigenous adults.
(2) We cannot make any reliable count of eggs laid since these are laid in the earth underneath the tree.
(3) The first instars are very small and this makes enumeration in the field effectively impossible.
(4) The second and third instars are difficult to distinguish so that the data record represents the second and third instars as a single stage of the lifecycle.
(5) The first three instars are small so that there is some under-recording of numbers of this stage.
For these reasons the absolute values of a1, + cannot be interpreted unequivocally as survival rates. The values for the transition from instars 2 and 3 to instar 4 will be too large, because of under-recording, although a45 can be interpreted unambiguously.
The rate for transitions from the fifth instar to adult will be affected by migration, so that when net immigration is large relative to the size of the population, this rate will be very high; conversely, it will drop sharply when there is substantial net emigration. The rate for adult to 2nd/3rd instars will be more variable since it is primarily a function of the numbers of eggs laid and survivors therefrom. However, the rate will tend to be depressed because of under-recording. In all cases, we are dealing with sample counts rather than complete enumerations, so due account must be taken of sampling fluctuation.
With these qualifications in mind on the interpretation of the estimates, we now consider the form of the equations used to evaluate our data. Firstly, since the coefficients are insensitive to changes in 0, we set 0 = 0 in eqn (8). Secondly, in the absence of detailed informnation on the probability distribution of time spent in each stage of the lifecycle, laboratory estimates of mean lifetimes were used as follows: Then, from eqn (9) in conjunction with eqn (8), we obtain the system of equations:
7(1 + B)N3(t) = aO3(7 + 2B)B2NO(t) 7(7 + 2B)N4(t) = a34(25 + 10B)BN3(t)
35N5(t) = a45(7 + 4B)(2 + 5B)N4(t) (7 + 4B)NO(t) = a50(I + B)(3 + 4B)BN5(t) JANICE A. DERR AND KErTH ORD 529
Also, in an attempt to eliminate the effects of migration, we looked directly at transitions from stage 5 to stage 3 using the equation 7(7 + 4B)N3(t) = a53(7 + 2B)(3 + 4B)B3N5(t).
The estimates {a41,,+ } are presented in Table 1, Table 1 ; for further details, see Derr (1977) . These counts are then used to obtain the estimates of aj,j1l given in Table 2 . We now contrast these results with information available on betweeninstar mortality, and emigration and immigration of adults from other sources (Derr 1977 Field estimates of insect colonization independent lines of evidence were used to restrict the time period during which most immigration took place to weeks 1 through 4 (see Table 1 (Table 2) . If we accept these estimates, then we come to an interesting conclusion about the population biology of D. bimaculatus. At the point in time at which a fifth instar nymph becomes an adult, it has the option to remain in the system or to emigrate. As argued elsewhere (Derr 1977) , the tendency to remain should depend on the likelihood that the adult can replace itself with a new generation adult. It has been demonstrated that there is a range of tolerance to moisture stress (i.e. the tendency to remain under stressful conditions) in different adult D. bimaculatus (Derr 1977) . Using arguments of natural selection, one can hypothesize that this is related to the tolerance of the nymphs it produces (otherwise, the adult would tolerate a stressful condition, but produce numphs which perish). The fact that between-instar mortality remains steady through the weeks of colonization is consistent with this hypothesis, so that deteriorating moisure conditions under 'L.S.' is acting as a natural selective agent, selecting that proportion of adults and their nymphs which are tolerant to certain threshold conditions of moisture availability. 
CONCLUSION
The results from our analysis using this model supported our interpretations about emigration of D. bimaculatus gained through other studies. We also were able to make an important and testable hypothesis about the population biology of this insect (currently being tested). An evaluation of the model should address the following issues:
(1) If information from other sources is so complete, why use the model at all? An analytical model does not replace, but rather augments, good field data collection.
Because emigration in D. bimaculatus was impossible to document directly, it was necessary to explore many indirect lines of evidence. Such a complete and detailed study of its life history enabled us to evaluate the analytical model. We now have the confidence in the model to apply it to D. bimaculatus population growth at other trees, where such exhaustive ancillary information was not collected.
(2) This analytical method does not give absolute estimates of mortality and dispersal. With this method, we can only obtain information on relative mortality and dispersal at different times, or at different sites. However, if an organism lives through several life stages which differ at all in duration, activity or ability to be sampled, then efforts to obtain absolute measures of between-stage mortality will be subject to error. Relative measures of life history parameters are adequate for most evolutionary and applied studies. Using our analytical model, a study of life history parameters in different habitats (for example, under Sterculia trees in different environments) will produce relative values of dispersal and mortality which can be compared to the rank of one or more physical attributes of the habitats. If a treatment is applied to some areas and not to others, the parameters obtained by this analytical method will offer a means for comparison. Moreover, if it is possible to estimate mortality or dispersal directly at several sites, then the relative figures produced by this model can be calibrated and enable the investigator to sample many sites more swiftly than if she were obliged to make direct measurements at each site.
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Field estimates of insect colonization The analytical model described in this paper is an additional method available to population ecologists working from field measurements. Because it does not depend on a population acting as a single highly synchronized cohort, nor require direct information on recruitment, the model is useful in many practical applications. The dependence of the length of different life stages on an external factor, say temperature, can be taken into consideration. The parameters estimated by the model are adequate for making comparisons between habitats, between treatments and between sampling intervals.
